Liver fibrosis is the most important predictor of mortality in nonalcoholic fatty liver disease (NAFLD). Quantitative risk of mortality by fibrosis stage has not been systematically evaluated. We aimed to quantify the fibrosis stage-specific risk of all-cause and liver-related mortality in NAFLD. Through a systematic review and meta-analysis, we identified five adult NAFLD cohort studies reporting fibrosis stage-specific mortality (0-4). Using fibrosis stage 0 as a reference population, fibrosis stage-specific mortality rate ratios (MRRs) with 95% confidence intervals (CIs) for all-cause and liver-related mortality were estimated. The study is reported according to the Preferred Reporting Items for Systematic Reviews and MetaAnalyses statement. Included were 1,495 NAFLD patients with 17,452 patient years of follow-up. Compared to NAFLD patients with no fibrosis (stage 0), NAFLD patients with fibrosis were at an increased risk for all-cause mortality, and this risk increased with increases in the stage of fibrosis: stage 1, MRR 5 1.58 (95% CI 1.19-2.11); stage 2, MRR 5 2.52 (95% CI 1.85-3.42); stage 3, MRR 5 3.48 (95% CI 2.51-4.83); and stage 4, MRR 5 6.40 (95% CI 4.11-9.95). The results were more pronounced as the risk of liver-related mortality increased exponentially with each increase in the stage of fibrosis: stage 1, MRR 5 1.41 (95% CI 0.17-11.95); stage 2, MRR 5 9.57 (95% CI 1.67-54.93); stage 3, MRR 5 16.69 (95% CI 2.92-95.36); and stage 4, MRR 5 42.30 (95% CI 3.51-510.34). Limitations of the study include an inability to adjust for comorbid conditions or demographics known to impact fibrosis progression in NAFLD and the inclusion of patients with simple steatosis and nonalcoholic steatohepatitis without fibrosis in the reference comparison group. Conclusion: The risk of liver-related mortality increases exponentially with increase in fibrosis stage; these data have important implications in assessing the utility of each stage and benefits of regression of fibrosis from one stage to another. (HEPA-TOLOGY 2017;65:1557-1565.
N onalcoholic fatty liver disease (NAFLD) is one of the most common causes of chronic liver disease in the United States, affecting nearly 100 million individuals.
(1) The development and progression of liver fibrosis are the most important predictors of disease outcomes in NAFLD. (2) (3) (4) (5) Accordingly, early identification of the presence of fibrosis has become increasingly important. (6) (7) (8) Although prior studies have shown an increased risk for mortality with advanced fibrosis, there has been a divergence in mortality estimates for early nonadvanced fibrosis. This makes it difficult to understand the true risk of mortality with each fibrosis stage and the incremental risk with increasing fibrosis stage.
Younossi et al. (9) and Ekstedt et al. (10) observed that the presence of advanced fibrosis (stage 3-4) was associated with an increased risk for overall and liver-related mortality. Within these studies, the risk of mortality was numerically, but not statistically, higher in NAFLD patients with early nonadvanced Abbreviations: CI, confidence interval; HR, hazard ratio; MRR, mortality rate ratio; NAFLD, nonalcoholic fatty liver disease; PYF, patient years of follow-up.
fibrosis (stage 1-2). In contrast, Angulo et al. (11) observed that both advanced and nonadvanced fibrosis were associated with an increased risk for mortality. Taken together, these studies reinforce the importance of advanced fibrosis in NAFLD, but they fail to adequately address the implications of early-stage or nonadvanced fibrosis. By pooling data across cohort studies we may be able to more accurately quantify the relative risk of all-cause and liverrelated mortality with stage 1 and stage 2 fibrosis, which is of clinical importance when informing patients of their prognosis or health utility in the respective stage of disease (12, 13) and when assessing the overall impacts of improvements in stage of fibrosis.
In this meta-analysis we pooled published and unpublished fibrosis stage-specific data from five multinational NAFLD cohorts with over 17,000 patient years of follow-up and aimed to systematically quantify the fibrosis stage-specific relative risk of all-cause mortality and liver-related mortality. We observed that allcause and liver-related mortality increased exponentially with increasing fibrosis stage and that NAFLD patients were at an increased risk even at early stages of fibrosis. These data are of importance in clinical trials studying novel therapies aimed at reducing fibrosis progression and disease-specific complications (14) and in clinical practice where a patient-specific risk profile can be generated to help guide personalized treatment decisions.
Materials and Methods
This systematic review was performed using an a priori established protocol (Supporting Information) and is reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement (Supporting Information). (15) 
STUDY SELECTION
Studies were included in this meta-analysis if they met the following criteria: (1) cohort study (retrospective or prospective), (2) adult NAFLD patients (18 years of age), (3) histologically confirmed diagnosis of NAFLD by at least one blinded liver pathologist based on the Nonalcoholic Steatohepatitis Clinical Research Network histologic scoring system, and (4) reported fibrosis stage-specific mortality rates (in person-years) or events.
Studies were excluded from this meta-analysis for the following reasons: (1) was not a cohort design (i.e., meta-analysis/review, cross-sectional, case-control), (2) participants did not have histologically confirmed diagnosis of NAFLD, (3) participants with other causes of liver disease were not excluded and/or NAFLD patient-specific information was not available, or (4) fibrosis stage-specific mortality data were not available. If fibrosis stage-specific mortality data were not available, then the study investigators contacted the primary authors to obtain unpublished data, which were provided for four of the five included studies. (9, 10, 16, 17) 
DATA SOURCES AND SEARCHES
The search strategy from a published systematic review on NAFLD was updated, (2) with input from a medical librarian and study investigators, using various databases from inception to November 2016. Using controlled vocabulary supplemented with keywords, we searched for cohort studies of NAFLD patients that reported mortality. The databases included Medline, EMBASE, Scopus, Web of Science, Cochrane Central Register of Controlled Trials, and Cochrane Database of Systematic Reviews. An example of the full electronic search strategy can be found in the Supporting Information. Conference proceedings from Digestive Diseases Week, the American College of Gastroenterology, the European Association for the Study of the Liver, and the American Association for the Study of Liver Diseases annual meetings for 2013 to June 2016 were searched for unpublished studies. Titles and abstracts were reviewed independently by two study reviewers (P.S.D., J.P.), and studies were excluded if they did not address the research question of interest. The full text of the remaining articles was reviewed to identify studies which met all inclusion criteria, and these were included in the quantitative synthesis. Supporting Fig. S1 details the study selection flowchart.
DATA ABSTRACTION
Data on study-related and participant-related characteristics were abstracted by two authors (P.S.D., J.P.) independently. Discrepancies were resolved by consensus, referring back to the original article, in consultation with a third reviewer (S.S.). Data extracted from each study included the following: (1) study characteristics: location, primary author, time period of cohort observation, number of patients; (2) patient characteristics: age, gender, body mass index, comorbid conditions (diabetes, cardiovascular disease, hypertension, metabolic syndrome); and (3) outcomes: fibrosis stage, overall mortality, liver-related mortality, and personyears of follow-up.
QUALITY ASSESSMENT
The quality of included studies was assessed using a scale modified from the Newcastle-Ottawa Scale for cohort studies. (18) The original Newcastle-Ottawa Scale is comprised of eight items within three categories: selection of study groups, comparability of groups, ascertainment of exposure or outcome of interest (Supporting Information). In this modified version we accounted for the components assessed in the original scale and modified the questions to ascertain concepts and components relevant to NAFLD that may bias study results or comparability. This quality score consisted of seven questions: (1) representative of the average NAFLD adult in the community (1 point for population-based studies, 0.5 points for multicenter studies, 0 points for a singlecenter study); (2) imputed from entire cohort); (6) attrition rate (1 point if >80% of cohort followed up, 0.5 points if 60%-80% of cohort followed up, 0 points if >40% lost to follow-up); (7) definite information on mortality (1 point if adequate information on rate of all-cause and liver-related mortality separately, 0.5 points if only information on all-cause mortality, without information on liver-related mortality). Scores of 5, 3-4, and 2 were considered suggestive of high quality, medium quality, and low quality of the study, respectively.
OUTCOMES
The primary outcome of this study was to estimate the fibrosis stage-specific all-cause mortality rate (in relation to patients with stage 0 fibrosis) for NAFLD patients. A secondary outcome was to estimate the fibrosis stage-specific liver-related mortality rate for NAFLD patients. Liver-related mortality was defined per the study investigators.
STATISTICAL ANALYSIS
Crude mortality rates were calculated by dividing the total number of events by the total patient years of follow-up (PYF) for each fibrosis stage. Incremental risks of all-cause and liver-related mortality were then estimated. NAFLD patients with no fibrosis (stage 0) were used as a reference population. To account for variability in follow-up in different stages in cohort studies, mortality rate ratios (MRRs) with 95% confidence intervals (CIs) for all-cause and liver-related mortality for each fibrosis stage (1-4) (versus fibrosis stage 0) were estimated using fixed-effects meta-analysis using the DerSimonian and Liard method. When the mortality rate was 0 for any stage, a correction of 0.05 was added in each column (number of deaths and person-years of follow-up) prior to statistical analysis. (19) We assessed statistical heterogeneity using the inconsistency index (I 2 ), with I 2 values >50% indicating substantial heterogeneity. Given the small number of studies identified in our analysis, statistical tests for assessing publication bias were not performed. Given the variability in definitions for liver-related mortality, the analysis for liver-related mortality was done using studies where only mortality was included in the definition of liver-related mortality. A sensitivity analysis was then performed by including the one study that included both liver-related events and liver-related mortality in the definition of liver-related mortality. 
Results
A total of 844 studies were identified in our primary search, five of which were included in this metaanalysis (Supporting Fig. S1 ). (9) (10) (11) 16, 17) These five studies reported on 1,495 patients with 17,452 PYF (Table 1; Supporting Table S1 ). All five were cohort studies that used existing databases or cohorts of patients. No prospective cohort studies were performed specifically to assess for predictors and rates of mortality in NAFLD patients. The median average age of patients was 49.3 years, and 53.5% were male. The prevalence of obesity within these cohorts was 40% and ranged from 25.8% to 50% across cohorts. A similar prevalence and range of prevalence across cohorts for diabetes (34.7%, range 13.5%-55.4%) and hypertension (42.1%, range 30.7%-56.8%) were seen. The distribution of patients by fibrosis stage was as follows: stage 0, n 5 570 (38.1%); stage 1, n 5 432 (28.9%); stage 2, n 5 203 (13.6%); stage 3, n 5 179 (12.0%); and stage 4, n 5 111 (7.4%) ( Table 2) .
FIBROSIS STAGE-SPECIFIC ALL-CAUSE MORTALITY
In the reference population (fibrosis stage 0), there were 113 deaths during 7,452 PYF, equating to a crude all-cause mortality rate of 15.2 per 1,000 PYF. The crude all-cause mortality rate was higher according to fibrosis stage, with a crude rate of 17.1 for stage 1 fibrosis, 27.9 for stage 2 fibrosis, 36.0 for stage 3 fibrosis, and 45.8 per 1,000 PYF for stage 4 fibrosis (Table 3) . On meta-analysis, when compared to NAFLD patients with no fibrosis (stage 0), NAFLD patients with fibrosis had a higher MRR for all-cause mortality; and this increased risk was seen even among those with stage 1 fibrosis (MRR 5 1.58, 95% CI 1.19-2.11) ( Table 3 
FIBROSIS STAGE-SPECIFIC LIVER-RELATED MORTALITY
In the reference population (fibrosis stage 0), there was one liver-related death during 3,395 PYF, equating to a crude liver-related mortality rate of 0.30 per 1,000 PYF. The crude liver-related mortality rate was higher according to fibrosis stage, with a crude rate of 0.64 for stage 1 fibrosis, 4.28 for stage 2 fibrosis, 7.92 for stage 3 fibrosis, and 23.3 per 1,000 PYF for stage 4 fibrosis (Table 3) . On meta-analysis, when compared to NAFLD patients with no fibrosis (stage 0), NAFLD patients with fibrosis had an exponentially higher MRR for liver-related mortality (Table 3, Figs. 3 and 4). The increased risk for liver-related mortality was higher and statistically significant from stage 2 fibrosis (MRR 5 9.57, 95% CI 1.67-54.93). Liverrelated MRR was numerically higher, but not statistically significant, in patients with stage 1 fibrosis (MRR 5 1.41, 95% CI 0.17-11.95). These estimates were largely unchanged after including the study by Angulo et al. (11) (stage 1 fibrosis MRR 5 1.70, 95% CI 0.56-5.21; stage 2 fibrosis MRR 5 5.75, 95% CI 2.15-15.35). In patients with stage 2 fibrosis, liverrelated mortality accounted for approximately 18% of all-cause mortality. In patients with stage 3 and 4 fibrosis, liver-related mortality accounted for approximately 24% and 59% of all-cause mortality, respectively. No heterogeneity (I 2 5 0%) was observed for the comparison of all fibrosis stages (1-4) versus stage 0 (Fig. 3) . 
Discussion

MAIN FINDINGS
Using fibrosis stage-specific all-cause and liverrelated mortality data from five cohort studies including 1,495 patients with 17,452 PYF, we have made three key observations that provide novel quantitative data on the risk of mortality in NAFLD. First, the risk of all-cause mortality is higher with increasing fibrosis stage, and even NAFLD patients with stage 1 fibrosis are at increased risk of mortality. Second, the risk of liver-related mortality increases on an exponential scale rather than on a linear scale with increase in the fibrosis stage. The risk of liver-related death is statistically higher only after progression to stage 2 fibrosis or higher. Finally, the quantitative risk of liver-related mortality was 1.22 for stage 1 fibrosis, 4.85 for stage 2 fibrosis, 8.86 for stage 3 fibrosis, and 21.6 per 1,000 PYF for stage 4 fibrosis. These data have important implications for understanding the health utility of patients in the respective stage of disease and the economic impact of benefits of improvement in the stage of fibrosis in the setting of a treatment modality. These data suggest that benefits of regression of fibrosis even by one stage may be more profound in patients with cirrhosis (stage 4) or in patients with bridging fibrosis (stage 3) than in earlier stages of fibrosis.
IN CONTEXT WITH PUBLISHED LITERATURE
Younossi et al. (9) and Ekstedt et al. (10) observed that NAFLD patients with advanced fibrosis (stage [3] [4] were at an increased risk for all-cause mortality, but this increased risk was not seen among those with early-stage fibrosis (stage 1-2). In contrast, Angulo et al. (11) observed that NAFLD patients with stage 1 (hazard ratio [HR] 5 1.82, 95% CI 1.18-2.81) and stage 2 (HR 5 1.91, 95% CI 1.20-3.03) fibrosis were at an increased risk for all-cause mortality. Furthermore, they observed that the risk for all-cause mortality was similar in patients with stage 2 and stage 3 fibrosis (HR 5 1.90, 95% CI 1. 16-3.12) , and an incremental increase in risk was only seen among NAFLD patients with stage 4 fibrosis (HR 5 6.35, 95% CI 3.35-12.04). This variation in estimates of risk across studies may be due to variations in study populations or follow-up. In our pooled meta-analysis, after accounting for variability in follow-up, our findings are consistent with those of Angulo et al., (11) and we observed that NAFLD patients with stage 1 fibrosis were at an increased risk for all-cause mortality. We expand on prior literature with the finding that the risk of allcause mortality is higher by fibrosis stage, and this increase in risk is seen with each stage of fibrosis progression. These pooled estimates help summarize in a quantitative manner the risk of all-cause mortality stratified by the stage of fibrosis in NAFLD.
Prior studies have also observed that the risk of liver-related mortality specifically is increased with more advanced fibrosis. (9, 11) The confidence in estimates for liver-related mortality by fibrosis stage, however, varied considerably across studies. Younossi et al. (9) estimated a 5-fold increased risk with stage 4 fibrosis (HR 5 5.62, 95% CI 1.92-6.46), while Angulo et al. (11) estimated a 47-fold increased risk with stage 4 fibrosis (HR 5 47.46, 95% CI 11.94-188.61). Furthermore, the literature has suggested that the risk of liver-related mortality is only present after fibrosis progression to stage 2, and this risk is exponentially higher when transitioning from stage 3 to 4. (11) In our pooled analysis, we similarly observed that the increased risk for liver-related mortality was only seen after progression to stage 2 fibrosis. Though the risk was numerically higher even in patients with stage 1 fibrosis, the number of events was small and did not reach statistical significance. We expand on the literature by providing estimates for fibrosis stage-specific liver-related mortality and by observing that the increased risk for liver-related mortality with increasing fibrosis stage is exponential at each stage of fibrosis progression. This is of particular importance when designing therapeutic trials for the prevention of fibrosis and liver-related mortality.
STRENGTHS AND LIMITATIONS
Although our study allows for a clinically meaningful expansion of the literature, it is not without limitations. First, we were able to account for variability in follow-up, but we were not able to adjust for important comorbid conditions (i.e., diabetes, cardiovascular disease), demographics (i.e., age), or subtypes (steatohepatitis versus fatty liver) known to impact fibrosis progression and mortality risk in NAFLD. (20) (21) (22) This is of importance as our reference group included patients with simple steatosis and nonalcoholic steatohepatitis, which could have influenced our baseline estimates and comparisons. Second, patient-level data on the exact cause of death could not be obtained for all studies, and therefore, variations in definitions for liver-related mortality could potentially impact our estimates. We attempted to overcome this by excluding studies that allowed for nonfatal events in the definition of liver-related mortality, and our estimates did not change significantly. We are unable to determine the relative contribution for specific liver-related etiologies (i.e., hepatocellular carcinoma or liver transplantation) to liver-related mortality. (23) Finally, we were unable to accurately quantify the non-liver-related mortality and the relative increase in key outcomes, such as cardiovascular system-related mortality, with increasing fibrosis stage. It can be assumed that, given the increasing proportional accountability of liver- related mortality for all-cause mortality seen with increasing fibrosis stage, other key outcomes such as cardiovascular system-related mortality are of more significance in early-stage fibrosis; but further studies with individual patient data are needed to accurately quantify these risks and the other limitations identified.
In conclusion, NAFLD patients are at an increased risk for all-cause and liver-related mortality, and this risk of mortality increases exponentially as the fibrosis stage increases from stage 0 to stage 4. NAFLD patients with stage 1 fibrosis are at increased risk for all-cause, but not liver-related, mortality. These data suggest that benefits of regression of fibrosis even by one stage may be more profound in patients with cirrhosis (stage 4) or in patients with bridging fibrosis (stage 3) than in earlier stages of fibrosis. We have provided estimates for mortality rates which are of significance when engaging in the shared decision-making process with patients and when designing therapeutic intervention trials aimed at preventing fibrosis progression to prevent disease-related complications and offset the natural course of NAFLD.
